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Hyperon bulk viscosity in the presence of antikaon condensate 
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ABSTRACT 

We investigate the hyperon bulk viscosity due to the non-leptonic process 
n+p^p + A in K~ condensed matter and its effect on the r-mode instability 
in neutron stars. We find that the hyperon bulk viscosity coefficient in the 
presence of antikaon condensate is suppressed compared with the case without 
the condensate. The suppressed hyperon bulk viscosity in the superconducting 
phase is still an efficient mechanism to damp the r-mode instability in neutron 
stars. 

Subject headings: dense matter - stars:neutron - stars:oscillations - instabilities 

1. Introduction 

The study of r-modes in rotating neutron stars has generated great interest in recent 
times from two points of view. On one hand, r-modes of rotating neutron stars could be 



possible sources of detectable gravil 
ation driven instability of r-modes ( 


;ational waves. On the other hand, t 


le gravitational radi- 
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might play an im- 



portant role in regulating spins of young as well as old, accreting neutron stars in low mass 
x-ray binaries(LMXBs). The latter situation has been strengthened by the fact that the spin 



distribution of pulsars has an upper limit at 730 Hz (IChakrabartyl l2005l : IChakrabarty et al. 



20031). It is worth ment ioning here that the fastest rotating pulsar has a spin frequency 716 
Hz JHessels et al.lboOfih . 



The bulk viscosity of neutron star matter is an important issue in connection with the 
damping of the r-mode instability in rotating neutron stars. The r-mode instability may be 
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suppressed through different mechanisms. It was shown that the damping of the in stabil- 



ity by t he large hyperon bulk viscosity coefficient could be an efficient mechanism (I Jones 



2001a 



2005 



b; Lindblom &: Owen 



Nayyar &: Owen 



2006 



2002 



Haensel et al.ll2002l: iDalen fc Dieperinkll2004j : iDrago et al 



Chatter] ee &: Bandyopadhyay 



2006 



2OO7J. However, it may 



be su ppressed by several orders of magnitude when neutrons, protons or hypero ns are super- 
fluid jHaensel et al.lboool . [2OO1I . I2OO2I : iN^var fc Owenlbood : knderssonlboOTh . This study 
was later extended to the calculat ion of bulk vi s cosity due to other exo tic forms of mat- 

I992I I2OO0I : bong et alJboOTal jbl). quark-hadron 
20061 ) and color superco nducting quark matter 



ter such as un paired quark matter (IMadsen 



mixed phase (IDrago et al.. 



2005 



Pan et al 



dAlford fc Schmitt IboOTaTlAlford et ah IboOTbl jJ: ISa'd et al.ll2007al lb[). Another possibility 
of damping the r-mode instability is the mutual fr i ction between iii ter-penetrating neutron 
and proton superfluids ( Lindblom fc Mendell 2000; Andersson 200?! ). 



The superfluidity of neutron star matter plays a significant role on the damping of the 
r-modes in neutron stars. It was shown that superfluid particles taking part in non-leptonic 
weak processes involving hy perons might reduce the hyperon bu lk viscosity coefficient by 
several orders of magnitude (jHaensel et al.ll2002l : lAnderssonll2007l ). Recently, we have inves- 
tigated the bulk viscosity due to the non-lepto nic weak process n ^ p+K~ in K~ condensed 
matter (IChatterjee &: Bandyopadhyayl l2007bl ) . The kaon bulk viscosity was suppressed in 
the condensed phase by several orders of magnitude and could not damp the r-mode instabil- 
ity. This motivates us to further investigate how the bulk viscosity due to the non-leptonic 
process n + p ^ p + A behaves in antikaon condensed matter and how it influences r-modes 
of neutron stars. 

We organise the paper in the following way. In section 2, the field theoretical models of 
strong interactions, different phases of dense matter, the bulk viscosity coefficient and the 
corresponding time scale are described. Results of our calculation are discussed in section 3. 
Section 4 gives summary and conclusions. 



2. Formalism 



Our motivation is to calculate the hyperon bulk viscosity due to the non-leptonic pro- 
cess n + p ^ p + A in a superconducting phase i.e. antikaon condense d pha se. This 



process was extensively investigated in hadronic matter by several groups (JonesI 2001a 3i 



2006 



Lindblom &: Owenll2002l : iDalen &: Dieperinkll2004j : iNayyar &: Owenll2006l : IChatterjee fc Bandyopadhyay 



2007aj). In this case, we consider a first order phase transition from hadronic to K~ con- 
densed matter. Both the pure hadronic and K~ condensed matter are described within the 
framework of relativistic field theoretical models. The constituents of matter in both phases 



3 



are neutrons [n), protons (p), A hyperons, electrons and muons. The baryon-baryon interac- 
tion is mediated by the exchange of a, uj and p mesons and two stra nge mesons, scalar me- 



son, fn(975) (denoted hereafter as a*) and the vector meson 0(1020) (ISchaffner &: Mishustin 



19961 ). Both phases maintain local charge neutrality and beta-equilibrium conditions whereas 



these conditions are satisfied globally in the mixed phase. Further baryons are embedded in 
the K~ condensate phase. We describe the equation of stat e (EoS) in the antikaon conde nsed 
phase using the following Lagrangian density for baryons (ISchaffner fc Mishustin! Il996l ) 

= {ilfj^d^ -mB+ QaBfy - QuBlf,^^ " QpBli^B " P^) 



B 



--{d,ad'^a-mla')-U{a) 



■ p 



-ITT-IPn ■ P^ 



YY 



1 

Here ipB denotes the Dirac bispinor for baryons B with vacuum raass and the isospin 
operator is t^- The scalar self-interaction term (IBoguta fc Bodmerl 119771 ) is 



1 3,1 4 



(2) 



The Lagrangian density for hyperon-hyperon interaction (Cyy) is given by 

jCyY = J2^B^9a*BCT* - g^Bl,^(l)^)^B 



B 



(3) 



As nucleons do not couple with strange mesons, Qo^^b = QcIjB = 0. 



Similarly we treat the (anti)kaon-baryon interaction in the same footing as the baryon- 
ba ryon interaction. The Lagrangian density for (anti)kaons in the minimal coupl ing scheme 
is dciendenning fc Schaffner-BiehchlEggsl . Il999l : Is^ik fc Bandvopadhvavll2001al lb[). 



K 



D*KD''K 



(4) 



where the covariant derivative is = 9^ + iQuiK^^j. + 
mass of (anti)kaons is m]^ = rriK — QaKO' — Qa'KO'* ■ 



At + iQpK^K ■ P^ and the effective 



We perform this calculation in the mean field approximation (jSerot fc Waleckalll986l ). 
The mean meson fields in the condensed phase are de noted by cr, cr*, cun, 0n and p^ . 
The expressions for mean fie l ds can be found in Ref. (IBanik fc Bandyopadhyayl l2001bl : 



Chatter] ee fc Bandyopadhyayl l2007bl ). The in-medium energy of K mesons for s-wave 
{k = 0) condensation is given by 



ujk- 



+ hK-gpKp03 



(5) 
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where Hk- is the chemical potential of K mesons and the isospin projection is I^k- 
The chemical potential for baryons B is given by 



-1/2. 



(6) 



where effective baryon mass is m*J^ = niB — Qascy — Qa* bO'* and isospin projection for baryons 
B is hs- 

We obtain the mean fields in the hadronic p hase putting source terms for K~ mesons 



equal t o zero in corresponding equations of motion (IBanik fc Bandyopadhyayll2001bl : IChatterjee fc Bandyop 
2007bh . 



The total energy density and pressure in the antikaon condensed phase are given by 
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We describe the mixed phase of hadronic and K~ condensed matter using the Gibbs 
conditions for the rmodynamic equilibrium along with global charge and b aryon number 
conservation laws (jGlendenning||l992uGlendenning fc Schaffner-Bielichlll999l ). 



Now we focus on the calculation of bulk viscosity due to the non-leptonic process. It 
was shown that the re al part of bulk viscosity coefficient was related to r elaxation times of 
microscopic processes ( iLandau fc Liftshitzlll999l : iLindblom &: Owenll2002l ) by the relation, 



c 



Pjloo - 1o)t 

1 + (cut? 



(9) 



where P is the pressure, r is the net microscopic relaxation time and 700 and 70 are 'infinite' 
and 'zero' frequency adiabatic indices respectively and their difference 



7oo - 7o 



nl dP dxn 
P dun dnb 



(10) 
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is determined using EoS as input. Here Xn = — gives the neutron fraction in the equihbrium 
state and rib = J2b''^b is the total baryon density. We are interested in (l,m) r-mode. In this 
case, the angular velocity (u ) of the mode is r elated to the angular velocity (Q) of a rotating 



neutron star as u 



2m 



n flAndersson] 120031 ). 



The partial derivatives of pressure with respect to neutron fraction in both p hases are 
calculated using the Gibbs-Duhem relation (IChatterjee fc Bandyopadhyayl l2007bl ). In the 
pure hadronic phase, this relation gives 



Qph 



W^nn ' p^pn 



(11) 



where Q^^j IS defined by 
by 



dpi 
drii 



. Similarly, in the pure condensed phase, it is given 



dP 



K 



^n^^nn + ^pO^pn + "An + '^X-ttf- 



In the mixed phase, this relation has the form 

dP dP'^ 



+ 



dP 



K 



dun dn'l dn^ 



(12) 



(13) 



where rin 



K 



Next we calculate relaxation times of the non-leptonic process in different phases. In 
this case, we express all perturbed quantities in terms of the variation in neutron number 
density ( n„,) in the respective phas e. The relaxation time (r) for the non-leptonic process is 
given by (ILindblom fc Owenll2002l ) 



1 

r 



Ta Sfx 



(14) 



Here, 6ni 



ni 



■n{ is the departure of neutron fraction from its thermodynamic equilibrium 



value in the j-th (=hadron, K condensed) phase. The reaction rate per unit volume for 
the non-leptonic process in question was already calculated by others ( ILindblom fc Owen 
2OO2I : iNavvar fc Owen! [200^ The re laxation time (r) for the process in the hadronic phase 
is given by (ILindblom fc Owenll2002l ) 



1 (kT) ,2 Sfi 



along with 



6fi 
5^ 



6n^ 

Kn - «L,) + Kp - «Ap) t4 + 



nA 



«AAj 



(15) 



(16) 
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where pa is the Fermi momentum for A hyperons an d < |Ma |^ > is the angle averaged matrix 



eleme nt squared in the hadronic phase given by Ref . (iLindblom &: Owerul2002l : iNayyar fc Owen 



20061 ). In pure hadronic phase, the second term in Eq.(16) vanishes because 5n^ = 0. How- 
ever, the calculation of the hadronic part of the mixed phase is a little bit involved and 
described below. 

The relaxation time in the antikaon condensed phase has the same form as in Eq.(15). 
In this case, the angle averaged matrix element , < \M\f > and p\ are to be calculated in 
the condensed phase. Also, we calculate from the chemical potential imbalance due to 
the non-leptonic hyperon process n + p ^ p + A and it is given by, 

- {afjn^ + a^pSUp + a^j^Snf + anK-SriK-) ■ (17) 
We express 5/i in terms of 6n^ and obtain -M^ using the following constraints, 

{6n^ + 6n^ + 6nf) = , 

{6n^-6nK-) = 0. (18) 

and the chemical equilibrium in the strangeness changing process n ^ p + K~ , 

- {ctK-nSn^ + ax-pSrip + +aK~A5n^ + aK-K-SriK-) = .(19) 

Next we calculate aij in the hadronic as well as condensed phases using the EoS. 
We can write down these quantities for both phases in generalised forms. For B = B', we 

get 



a 



BB' 



\2i/\2/\2 2 
QuiB \ 1 / QpB \ , / fi'fliB \ , TT 



+ 



m*^ ( da da 



Fb V '^Fb ^ '"b 



QaB^Zp- + 9a*B-^-^] , (20) 



and for B ^ B' 



a 
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guiBQuiB' 



1 f 9pB9pB' 

4 V ^ 



m 



*p 



9aB 



da 



9 a* B 



da* 



(21) 



along with the following relations applicable for both cases 



da 



( 9c7b \ 



,p2 



da* 



D-D' X D" 
da 



dnZi 



-D" 



dnZ, 
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D = l + 



1 d^U 



da^ 
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{2Jb + 1) / gaB 



27r2 



D' 
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. , (2Jb+1) 



(22) 
(23) 

(24) 
(25) 

(26) 



Here B and B' denote baryons and P stands for hadron {h) or antikaon [K) phase. Further 
nucleons do not couple with strange strange mesons i.e. g^*]^ = g^N = 0. Similarly, A 
hyperons do not couple with p meson i.e. gp\ = 0. The results for other as in the antikaon 
condensed phase are given below, 



OlBK- 



dn 



K- 



guiBguiK 



mf. 



_j_ 1 / gpBgpK \ _ I g<pBg^K \ 
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*K 
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dn 
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(27) 
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guiBgojK \ _|_ 1 9pBgpK \ _ ( g<i,BgcpK 
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da 
dn^ 
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oiK-K- = TT— = -- + — +7 — - 9aKTr 9a*KTr— , (29) 



orix- \ TTii^ J \ J 4 y vfip j orix- on 



where, 



da 



9crK _ gq'KD" 



driK- D-D'xD"' 



and 



In the second term in Eq.(27) and (28), +ve sign corresponds to neutrons and -ve is for 
protons. With the given aij, we can now calculate relaxation time for the non-leptonic 
process in hadron as well as antikaon condensed phases. As soon as we know the relaxation 
time, we can calculate the bulk viscosity coefficient in each phase. 

Now we focus on the calculation of relaxation time and bulk viscosity in the mixed 
phase. For this, we have to express the chemical imbalance {6fi) in the non-leptonic hyperon 
process as given by Eq.(17) in terms of Sn^ from the following constraints. 



{l-x){6n'^ + 6n'^ + 6n1)+x{6n^ + Sn^ + 6n^) = 0, 

f ft i: K 

diip = , 

- - SfiK- = . (32) 
Here we have Sx = because number densitie s deviate from their equilibrium values only 



by internal reactions (ILindblom fc Owerul2002l ). First two constraints follow from the con 



servation of baryon number and electric charge neutrality. The last constrain is the result 
of the chemical equilibrium involving K~ condensate as already shown by Eq.(19). The 
other constraints are due to the equality of neutron, proton and A chemical potentials in the 
hadronic and condensed phases and we can rewrite them as 

(aj„5< + aj/nj + aJ^^O - {a^Jn^ + ag6n^ + a^^5nf + a^K-^riK-) = , 
{aljn':^ + a\^5nl + al^5n\) - {afjn^ + «f/nj^ + af^5nf + a^K^duK-) = (33) 
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We express (5n^, Srip, 5n\, Sn^ , Sn^ and Sn^- in terms of Sn^ using above six constraints. 
For this purpose, we solve a 6 x 6 matrix constructed out of above six relations and obtain 
Similarly, we obtain in the mixed phase from the above constraints. This completes 
the calculation of relaxation time and bulk viscosity in the mixed phase. 

Next we calculate critical angular velocity as a function temperature and mass of a 
rotating neutron star. The bulk viscosity damping timescale (r^) due to the non-leptonic 
process involving A hyperons and the bul k viscosity profile as a function of r are obtained 



Chatter] ee &: Bandyopadhyay 20061 ) 



following the R.ef . flLindblom et all Il999l : Ihindblom fc OwenI l2002l : iNavvar fc OwenI 12006 



with gravitational radiation {tcr) (iLindblom et a. 



Further we take into account time scales associated 

bulk viscosity due to mod ified 



Urea process (tu) involvin g only nucleons (lSawyeiill989 



the s hear viscosity (tsv) ( ILindblom et al. 



1998 



1998h 



Andersson fc Kokkotas 120011) and 



Andersson fc Kokkota! 



1 



2001 



Andersson 



20071 ) and define the overall r-mode time scale (r^) as 



1 

Tr 



tgr 



1 



1 

TU 



TSV 



(34) 



Finally, solving 



0, we calculate the critical angular velocity above which the r-mode is 



unstable whereas it is stable below the critical angular velocity. 



Results and Discussion 



For this calculation, nucleon- meson coupling constants are taken from Ref. (lGlendenning fc Moszkowski 



199ll ) and this set is known as GM. Nucleon-meson coupling constants are determined by re- 



producing nuclear matter saturation properties such as binding energy E/B = —16.3 MeV, 
baryon density uq = 0.153 fm~^, asymmetry energy coefficient Oasy = 32.5 MeV, incom- 
pressibility K = 300 MeV and effective nucleon mass m^/mjv = 0.70. Further we need to 
know kaon-meson coupling constants and determine them using the quark model and isospin 
counting rule. The vector coupling constants are given by 

ga;K = ^gujN and gpK = QpN ■ (35) 

The scalar coupling constant is obtained from the real part of optical potential depth at 
normal nuclear matter density 

Ur (^o) = -9aKcr - g^K^Q . (36) 



Antikaons exper ience an attractive potential whereas kaons has a repulsive interaction in 
nuclear matter flFriedman et al.l 1 1994 : kochl Il994j : Battv et all 119971 : IWaas fc Weisel 119971 : 
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Li et all EoQTal lbl: | Friedman et al.l 



using a hybrid model (IFriedman et al. 



199S 



Pal et al.l l2000l ). The analysis of K atomic data 



1999h which combines the relativistic mean field ap- 



proach in the nuclear interior and a phenomenological potential at low density, yielded the 
real part of the antikaon potential as large as Uj^{nQ) = —180 ± 20 MeV at normal nuclear 
matter density. It was predicted that K~ condensation might occur in neutron star mat- 
ter for strongly attractive antikaon potential ~ —100 MeV or more. In this calculation, 
we adopt the value of antikaon optical potential depth at normal nuclear matter density 
as Uj^ijiQ) = —160 MeV. We obtain kaon-scalar meson coupling constant g^K = 2.9937 
corresponding to this antikaon optical potential depth. 

On the other hand, hyperon-v ector meson coupling constants are determined using 

SU(6 ) symmetry of the quark model ( Dover fc GallE984 : Schaffner et al.lE994 : Schaffner &: Mishustin 
19961 ) and the scalar a meson coupling to A hyperons is calculated from the hyperon po- 
tential depth in normal nuclear matter {nn) = —30 MeV obtained from hypernuclei data 
(IDover fc Gallll984j : IChrien fc Doyerlll989l). The hyperon-cr* coupling constant is det ermined 
from double A hypernuclei data (jSchaffner et al.lll993l : ISchaffner fc Mishustinlll996l ). 



The strange meson fields also couple with (anti)kaons. The a*-K coupling constant 
determined from the decay of /o(925) is ga*K = 2.65 and t he vector 4) meson coupling w ith 



(anti)kaons \/2g(j,K = 6.04 follows from the SU(3) relation ( Schaffner &: Mishustin 



1996|) 



The onsets of K~ condensate and A hyperons in neutron star matter are sensitive to the 

compo sition of matter and the strength of antikaon optical potential depth (IBanik fc Bandyopadhyay 
2001bl ). It was further noted that the early appearance of either A hyperons or the K~ 
condensate delayed the onset of the other to higher densities. In this calculation, for 
Uk{^o) = —160 MeV, A hyperons appear just after the onset of K~ condensation. The 
K~ condensation sets in at a density 2.23 uq and the mixed phase ends at 4.1 no- On the 
other hand, A hyperons appear at a density 2.51 hq. It is worth mentioning here that we 
obtained qualitatively similar results with the GM parameter set corresponding to K = 240 
MeV and Uj^{no) = —140 MeV. However, this led to a soft EoS resulting in a n eutron star 
mass below the accurately measured mass (jChatterjee fc Bandyopadhyayll2007bl ). The com- 
position of /5-equilibrated and charge neutral matter in the presence of K~ condensate for 
Uiii^o) = —160 MeV is displayed in Figure 1. Negatively charged particles such as electrons 
and muons are depleted from the system with the onset of K~ condensation and its rapid 
growth there after. At this stage, the proton density becomes equal to the density of 
mesons in the condensate. It is evident from the figure that A hyperons populate the system 
just after the onset of K~ condensation. 

The relaxation time for the non-leptonic process n+p ^ p+A is plotted with normalised 
baryon density in Figure 2 for UkIuq) = —160 MeV and temperature T = 10^° K. Here 
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equations of state enter as inputs in the calculation of relaxation time in different phases. 
In particular, partial derivatives of pressure and chemical potentials with respect to neutron 
number density are calculated using EoS according to the prescription as discussed in section 
II. This figure shows relaxation time in different phases i.e. the pure antikaon condensed 
phase (light solid line) and the hadronic (bold solid line) and antikaon condensed parts of 
the mixed phase (dashed line). We find that the values of relaxation time in the pure and 
mixed antikaon condensed phases are significantlv smaller than that of the hadronic phase 
invol ving non-superfiuid A hyperons (iNayyar fc OwenI l2006l : IChatterjee fc Bandyopadhyay 
20061 ). The relaxation time for the non-leptonic weak process involving hyperons is inversely 
proportional to as given by Eq.(15). 

Figure 3 exhibits the hyperon bulk viscosity coefficient as a function of normalised 
baryon density at a temperature T = 10^'^ K. Similar to Fig. 2, the bulk viscosity in the pure 
antikaon condensed phase (light solid line) and the hadronic (bold solid line) and antikaon 
condensed parts of the mixed phase (dashed line) are shown here. One can immediately see 
that the hyperon bulk viscosity in the antikaon condensed matter, irrespective of whether 
it is in the pure or mixed phase, is suppressed compared with that of hadronic phase. This 
suppression may be attributed to the superconducting phase i.e the K~ condensed phase. 
The role of superflu i dity on hyperon bulk viscosity was stud ied at length by several groups 



( iHaensel et al. 



2OO2I : iNayyar &: Owenll2006l : lAnderssonll2007l ). They also obtained significant 



suppression in the hyperon bulk viscosity because one or more superfluid particles were 
participating in non-leptonic weak processes involving hyperons. In our calculation, K~ 
mesons in the Bose-Einstein condensed state is not a member of the non-leptonic weak 
process n + p ^ p + K . Therefore, the suppression of hyperon bulk viscosity in our case 
originates from the EoS in the K~ condensed phase which enters into the calculation of the 
chemical imbalance as given by Eq.(17). We further add that the factor ujt in the bulk 
viscosity coefficient given by Eq.(15) is negligible compared with unity over the whole range 
of baryon densities considered here. This leads to a 1/T^ temperature dependence of the 
hyperon bulk viscosit y. However, the inversion of the temperatu re dependence was observed 
in some calculations ( Haensel et al.ll2002l : INayyar &: Owenll2006( ) when the factor ujt is much 
greater than unity. We find a jump in the bulk viscosity coefficient at the upper phase 
boundary of the mixed phase and pure K~ condensed phase. This is attributed to kinks in 
the EoS and discontinuities in (700 — 70) • 

Now we discuss the results of damping time scale due to the hyperon bulk viscosity and 
critical angular velocity. This calculation needs the knowledge of the energy density profile, 
hyperon bulk viscosity profile and the structure of the rotating neutron star in question. 
For this purpose, we consider a neutron star of gravitational mass I.6OM0 having baryon 
rest mass I.TGMq and central baryon density 3.50 and rotating at an angular velocity 
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flrot = 265 2s ^ from the sequence of ro tating neutron stars calculated by the model of 



Stergioulas (IStergioulas fc Friedmanlll995l ). This neutron star contains both A hyperons and 
K~ condensate in its core as its central baryon density is well above the threshold densities 
of K~ condensation and A hyperons. The hyperon bulk viscosity profile of this neutron star 
as a function of equatorial distance for T = 10^" K is displayed in Figure 4. The hyperon 
bulk viscosity in the hadronic and antikaon condensed parts of the mixed phase are shown 
by bold solid and dashed lines, respectively. Further we note that the bulk viscosity profile 
drops to zero value beyond 3.5 km because the baryon density beyond this distance decreases 
below the threshold density of A hyperons. 

As soon as we know the energy density and bulk viscosity profiles, we obtain the damping 
time scale corresponding to the hyperon bulk viscosity and critical angular velocities as a 
function of temperature solving l/r^ = for a rotating neutron star mass I.GOMq. Besides 
the hyperon bulk viscosity, we also consider the bulk viscosity due to modified Urea process 
involving nucleons as well as the shear viscosity to the total r-mode time scale as given by 
Eq.(34). The bulk viscosity due to modified Urea process plays an important role to damp 
the r-mode at higher temperatures. However, this process can not suppress the r-mode 
instability below 10^° K because the corresponding damping time scale is longer than the 
gravitational radiation growth time scale. On the other hand, the shear viscosity coefficient is 
proportional to and the damping time scale tsv is also larger than tgr in the temperature 
range considered here. The bulk viscosity damping time scale (tb) due to the non-leptonic 
process n + p ^ p + A and tgr are comparable at T ~ 4 x 10^ and below. Consequently, 
the r-mode instability is damped in this temperature regime by the hyperon bulk viscosity 
in K~ condensed matter. Though the hyperon bulk viscosity is suppressed in the antikaon 
condensed phase, it is still a very efficient process to damp the r-mode instability. 



4. Summary and Conclusions 

We have investigated the hyperon bulk viscosity due to the non-leptonic weak process 
n + p ^ p + A in a K~ condensed phase and later applied it to study the r-mode insta- 
bility in neutron stars. For the parameter set adopted here and antikaon optical potential 
depth Ux{no) = —160 MeV, K~ condensation occurs before A hyperons are populated in the 
system. We find that the hyperon bulk viscosity coefficient in K~ condensed matter is sig- 
nificantly suppressed compared with the non-superfiuid hyperon bulk viscosity coefficient in 
the hadronic phase. Further we note that the hyperon bulk viscosity in the superconducting 
phase is still an efficient process to damp the r-mode instability. 
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Fig. 1. — Particles abundances are plotted with normalised baryon density for antikaon 
optical potential depth at normal nuclear matter density Ux{no) — —160 MeV. 
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Fig. 2. — Relaxation time is plotted with normalised baryon density for the non-leptonic 
process n + p ^ p + A and antikaon optical potential depth at normal nuclear matter 
density Uj({no) = —160 MeV. The contributions of the pure antikaon condensed phase and 
the hadronic and antikaon condensed parts of the mixed phase are shown by light solid, bold 
solid and dashed lines, respectively 
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Fig. 3. — Hyperon bulk viscosity coefficient is exhibited as a function of normalised baryon 
density at a temperature 10^° K and antikaon optical potential depth at normal nuclear 
matter density ^/^(no) — —160 MeV. Different lines have the same meaning as in Fig. 2. 
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Fig. 4. — Hyperon bulk viscosity profile is shown with equatorial distance for a rotating 
neutron star of mass 1.60 Mq at a temperature 10^° K and antikaon optical potential depth 
Uji{no) = — 160 MeV. The hadronic and antikaon condensed parts of the mixed phase are 
shown by bold solid and dashed lines, respectively. 
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